Classically conditioned heart rate change in the pigeon has been developed as a vertebrate model system for cellular analysis of associative learning. One aspect of this development involved characterizing in detail the "final common path" for the conditioned response, the "cardiac motoneurons." With this as a foundation it has been possible to investigate the discharge properties of these motoneurons during acquisition of the conditioned heart rate response, and in this paper we report such data for the vagal (parasympathetic) component of the conditioned response. The activity of single neurons was recorded in the intermediate zone of the dorsal motor nucleus of the vagus of the pigeon. Antidromic activation confirmed that these cells gave rise to efferent axons in the vagus nerve and allowed their classification on the basis of conduction velocity into three groups: A, Bl (cardiac), and B2 units. Bl and B2 units had low levels of irregularly maintained activity, whereas A units discharged more regularly at higher frequency. Bl units had a weak cardiac rhythm, no respiratory rhythm, and showed decreased discharge in response to visual stimulation or foot-shock. These stimulus-evoked decreases in the activity of cardiac cells were accompanied by increases in heart rate. B2 units were unresponsive to both visual stimulation and foot-shock, whereas A units were unresponsive to visual stimulation but possibly responsive to foot-shock.
Abstract
Classically conditioned heart rate change in the pigeon has been developed as a vertebrate model system for cellular analysis of associative learning. One aspect of this development involved characterizing in detail the "final common path" for the conditioned response, the "cardiac motoneurons." With this as a foundation it has been possible to investigate the discharge properties of these motoneurons during acquisition of the conditioned heart rate response, and in this paper we report such data for the vagal (parasympathetic) component of the conditioned response. The activity of single neurons was recorded in the intermediate zone of the dorsal motor nucleus of the vagus of the pigeon. Antidromic activation confirmed that these cells gave rise to efferent axons in the vagus nerve and allowed their classification on the basis of conduction velocity into three groups: A, Bl (cardiac), and B2 units. Bl and B2 units had low levels of irregularly maintained activity, whereas A units discharged more regularly at higher frequency. Bl units had a weak cardiac rhythm, no respiratory rhythm, and showed decreased discharge in response to visual stimulation or foot-shock. These stimulus-evoked decreases in the activity of cardiac cells were accompanied by increases in heart rate. B2 units were unresponsive to both visual stimulation and foot-shock, whereas A units were unresponsive to visual stimulation but possibly responsive to foot-shock.
The activity of vagal cardiac neurons was recorded during or after classical conditioning (paired lights and foot-shocks) or sensitization (unpaired lights and foot-shocks) to characterize discharge changes associated with conditioned cardioacceleration. The initial light presentation prior to training elicited a small cardioacceleratory response accompanied by a small decrease in neuronal discharge. This response was enhanced monotonically over conditioning but was attenuated over sensitization. Paralleling this, the cardioacceleratory response increased monotonically with conditioning and attenuated with unpaired lights and shocks. Furthermore, the response latencies were short and diverged as a function of associative or nonassociative training, decreasing over conditioning and increasing over sensitization. These results confirm vagal involvement in conditioned heart rate change and demonstrate a number of important characteristics of this vagal contribution.
In recent years invertebrate model systems for the cellular and molecular analysis of learning have yielded exciting results (e.g., Alkon, 1982; Kandel and Schwartz, 1982) . The development of vertebrate models is more challenging and has thus been understandably slower. Nevertheless, there is now a growing number of such models with considerable promise (Cohen, 1982; Thompson et al., 1982; Tsukahara, 1982 A model involving visually conditioned heart rate change in the pigeon is particularly well developed (Cohen, 1974a (Cohen, , 1980 (Cohen, , 1982 (Cohen, , 1984 . This system has been characterized behaviorally in considerable detail, and a standardized paradigm for longterm associative learning has been established that is quite effective for cellular neurophysiological analysis (Cohen and Goff, 1978) . Furthermore, substantial effort has been devoted to identifying the relevant neuronal circuitry, and this has generated a first approximation to a pathway from the eye to the heart that must be intact for acquisition of the conditioned response (CR) (Cohen, 1980) . An important aspect of this mapping effort was describing the "cardiac motoneurons" or "final common path" for the CR (Cohen, 1974b) . A behavioral study involving different combinations of cardiac denervation and pharmacological blockade (Cohen and Pitts, 1968) established that the CR is mediated entirely by the extrinsic cardiac nerves, with both the vagal and sympathetic innervations participating.
With respect to Vol. 4, No. 12, Dec. 1984 the parasympathetic innvervation, the cells of origin of the vagal cardiac fibers have been localized to a limited region of the dorsal motor nucleus of the vagus (DMN) (Cohen and Schnall, 1970; Cohen et al., 1970) . Also, we have quantitatively described the fiber spectrum of the vagus and various of its branches, determined the compound action potential components associated with bradycardia, and established criteria for electrophysiologically identifying vagal cardiac neurons (Schwaber and Cohen, 1978a, b) .
Such studies have established a foundation for characterizing the behavior of the vagal cardiac neurons during acquisition of the conditioned heart rate response. This is important for a number of reasons. First, it would allow a description of the CR in a neurophysiological time domain by eliminating delays associated with conduction to and transmission at the periphery (Warner and Cox, 1962; Cabot, 1976) . This would permit estimation of the central processing time for the CR which, in turn, provides an assessment of how amenable the system is to neurophysiological analysis. Second, it would characterize more accurately the relative contributions of the vagal and sympathetic cardiac innervations to the CR. Finally, it would establish the basis for investigating more central components of the descending pathways involved in the expression of the CR.
In this paper we report experiments describing the activity of the vagal cardiac neurons during and after acquisition of a conditioned heart rate response (Gold, 1979; Gold and Cohen, 1981a) . The activity of various vagal noncardiac neurons is also described.
Materials
and Methods
General procedures
The experiments utilized 75 (male and female) White Carneaux pigeons (Columba liuia) weighing 400 to 600 gm and ranging in age from 2 to 6 months. All animals were housed individually, permitted free access to food and water, and remained on a 12-hr light-dark cycle for at least 2 weeks before experimentation.
Five For the former, base line and response periods were divided into the smallest epochs with a mean value of >5 discharges/ bin in the base line period. Standardized scores were calculated for the response period relative to the base line period, and latency was defined as the time to the first bin that deviated significantly from the base line distribution.
Vagal cardiac neurons
Responses in trained animals.
Fifteen of the animals received behavioral training 1 to 4 days before neurophysiological experimentation. This consisted of 100 trials of paired light and foot-shock (Cohen and Goff, 1978) . Following this, @-adrenergic blockade was induced with propranolol (Cohen and Pitts, 1968) to eliminate sympathetic contributions to the CR, and an additional 20 light-shock presentations were given to assess the vagal component of the CR. On the following day each animal received 9 foot-shocks at current values twice threshold for tachycardia.
Propranolol was then administered and the foot-shock sequence was repeated.
To analyze the heart rate responses to light and shock, the R-waves of the EKG in the 6-set period preceding the stimulus were counted (base line rate). The 6-set light and post-shock periods were divided into l-set intervals, and the R-waves were counted in each. When compared with base line rate, this gives the response for each interval.
Unit responses were analyzed as described above. Responses during CR acquisition. These experiments involved 23 behaviorally naive birds. Animals were randomly assigned to either the associative training (conditioning) group (n = 13) or the nonassociative control (sensitization) group (n = 10). Training was initiated 10 min after isolation of the activity of an identified unit. For the conditioning group, whole field illumination, the conditioned stimulus (CS), was immediately followed by foot-shock, the unconditioned stimulus (US). Training consisted of 40 such light-shock pairings in a single session, the mean intertrial interval being 3.7 min with a range of 2.5 to 5.0 min (Cohen and Macdonald, 1971) . The sensitization group also received 40 lights and 40 shocks, but these were unpaired with any two presentations (light or shock), being separated by at least 1 min (Cohen and Goff, 1978) . The mean interval between light presentations was 3.7 min, as in the conditioning group. As described above, the CS was a 6-set monocular presentation of a 50-foot-lambert light and the US was a 500.msec foot-shock. The onset of all base line and light periods was triggered by an R-wave of the EKG. The behavioral and neuronal data were analyzed as described above.
Results

Classes of vagal neurons
Vagal cardiac neurons in the pigeon are localized to the intermediate rostrocaudal zone of the DMN (Cohen et al., 1970; Cohen and Schnall, 1970; Schwaber and Cohen, 1978a, b) . They have conduction velocities of 8.0 to 14.5 m/set, corresponding to the Bl wave of the vagal compound action potential (Schwaber and Cohen, 1978a) . Most recordings were from this zone, and no systematic effort was made to record from other areas of the DMN. While searching for cardiac neurons, antidromitally activated cells were often encountered with conduction velocities outside the Bl range. These non-cardiac neurons were classified by conduction velocity as A (>15 m/set) or B2 (2.0 to 7.5 m/set) units (Schwaber and Cohen, 1978b (Gold, 1979) .
Cardiac units had no obvious respiratory rhythm, in contrast to other species (e.g., McAllen and Spyer, 1978a) . The lack of a respiratory rhythm is consistent with the absence of respiratory sinus arrhythmia in the present experiments. To investigate a possible cardiac rhythm, post-R-wave histograms were compiled for spontaneously active neurons sampled for at least 30 min (n = 38). Although no consistent rhythm was evident in the histograms for individual units, the pooled histogram (Fig. 1A) had a peak 31-40 msec after the R-wave. To evaluate the proportion of units contributing to this peak, the relative discharge rate in this time domain was calculated for each cell. As shown in Figure lB , during the period of maximal activity, discharge rates were high for most units, and thus the peak appears to result from a higher probability of discharge in most cardiac units. No peaks in pooled post-R-wave histogram were found for A or B2 units.
Responses in pretrained animals
Visually evoked responses. Fifteen birds received behavioral training prior to recording, and all developed normal levels of conditioned cardioacceleration. Although P-adrenergic blockade at the end of training decreased the magnitude of this cardioacceleration (F(1,28) = 65.2, p < O.OOl), the persistence of a CR confirmed a vgally mediated component (Cohen and Pitts, 1968) .
A pooled histogram of the responses of 13 spontaneously active cardiac units for the 6-set control and CS periods is shown in the upper panel of Figure 2 . There is clearly a decrease in discharge over the CS presentation.
The lowerpanel of Figure  2 shows the first 1000 msec of the CS period and its preceding control period. Discharge decreases from base line within 100 msec after CS onset, and this decrease is quite prominent by 200 msec. To evaluate the response latency more precisely, the pooled data were subdivided into 40-msec epochs and activity was expressed as standardized scores relative to base line activity. Discharge first differs significantly from base line 80 to 119 msec after CS onset (z = -2.64, p < 0.005).
To analyze the CS-evoked responses of individual units, the CS period was divided into phasic and tonic segments (see "Materials and Methods"). Eight cells had statistically significant decreases in the phasic period and nine had them in the tonic period. For this sample, mean discharge decreased to 41% of the base line level in the phasic period (t(lO) = 5.97, p < 0.001) and to 62% in the tonic period (t(lO) = 4.26, p < 0.001) (Fig. 3) .
The activity of these cardiac units also varied systematically with the CR. Discharge during the tonic period was negatively correlated with heart rate (Spearman r = -0.59, p < 0.05). In fact, at cardioacceleratory peaks, discharge almost totally ceased. Discharge during the phasic period also negatively correlated with the CR, but this did not reach statistical significance (Spearman r = -0.32, not significant).
With respect to the noncardiac vagal neurons, neither A nor B2 units were responsive to the visual stimulus (Fig. 3) .
Shock-evoked responses. The unconditioned response (UR) to the foot-shock is marked cardioacceleration. Although /?-adrenergic blockade reduced the magnitude of this cardioacceleration (F(1,28) = 107.5, p < O.OOl), the persistence of a response after blockade indicated a vagal contribution to the UR.
The duration of the US in behavioral training was 500 msec. Since shock artifact obscured the unit records, this was reduced to 50 msec to evaluate the effects of foot-shock on vagal discharge. The mean increase in heart rate during the 6-set Vol. 4, No. 12, Dec. 1984 Bl ( period following such a 50-msec shock was 40.7 beats/min, with the mean heart rates of the subsamples of different unit classes not significantly differing (F(2,26) = 0.49). Pooled histograms of shock-evoked responses of vagal cardiac units are shown in Figure 4 . Discharge was clearly depressed throughout the 6-set post-shock period. Statistical analysis based upon standardized scores indicated that activity decreased significantly within 50 msec after shock (z = -1.75, p < 0.05). As seen in Figure 5 , discharge decreased to 70% of base line levels (t(7) = 2.42, p < 0.05), and this change was negatively correlated with heart rate (Spearman r = -0.93, p < 0.01).
With respect to noncardiac vagal neurons, the discharge of the .A units appeared to decrease in response to shock (Fig. 5) . However, this was not statistically significant, possibly because of the small sample (n = 3). The B2 units were clearly unresponsive (Fig. 5) .
Responses during acquisition of the CR
In 13 birds the activity of a single vagal cardiac neuron was isolated prior to training and its discharge was recorded over the acquisition of the CR. For comparison, 10 such units were studied in 10 nonassociative control birds given unpaired lights and shocks.
Heart rate. The heart rate changes for these groups are illustrated in Figure 6 . The mean heart rate response to the initial light presentation was 9.1 beats/min. This increased to 16.6 beats/min in the conditioning group and declined to 4.0 beats/min in the sensitization group, comparable to previous findings (Cohen and Goff, 1978; Gold and Cohen, 1981b) . Analysis of variance yielded a significant groups x blocks interaction (F(3,62) = 3.94, p < 0.02), confirming divergence of the groups and thus development of associative learning. Heart rate base lines neither differed between groups (F( 1,22) = 0.11, not significant) nor changed differentially over training (F(3,62) = 0.06, not significant).
Localization and conduction velocities. The locations of the 23 cardiac neurons are shown in Figure 7 . Cells were clearly sampled throughout the intermediate rostrocaudal zone of the DMN, and there was no obvious difference in the distributions of units from the conditioning and sensitization groups. Moreover, there was no difference in the distributions of conduction velocities of the two behavioral groups (t(21) = 0.1, not significant).
Maintained activity. Maintained (spontaneous) activity was found in 77% of the units of the conditioning group and 80% of the sensitization group. Discharge was irregular and showed a weak cardiac rhythm as described earlier. Mean discharge rates were approximately 1.5 Hz, did not differ between the two groups (F(l,l7) = 0.12, not significant), and were not differentially affected by behavioral treatment (F(3,47) = 0.43, not significant).
Neuronal responses. In both conditioning and sensitization groups the first light presentation preceded any foot-shocks and therefore allowed assessment of the initial response to the visual stimulus, the orienting response (Cohen and Macdonald, 1971) . In both groups the discharge of the cardiac neurons decreased and heart rate increased in response to the light. Since neither the heart rate (t(21) = 0.51, not significant) nor neuronal (t(21) = 1.58, not significant) responses differed between the two groups, the data were pooled for further analysis of the orienting response. Each point represents a group mean for a block of 10 trials. BPM, beats per minute. A peristimulus histogram of the response of the pooled sample is shown in Figure 8 . There was a significant decrease in discharge that was maintained throughout the light period (t(22) = 3.60, p < 0.005). Accompanying this was an increase in heart rate of 9.1 beats/min (t(22) = 2.28, p < 0.05).
As with heart rate responses, the light-evoked neuronal activity diverged for the two groups over training. Summary histograms for the sensitization group are shown in Figure 9 . Early in training, discharge decreased as with the initial light presentation,
The response then systematically attenuated, so that the neurons were effectively unresponsive by the final trial block. In contrast, units from the conditioning group showed progressive enhancement of light-evoked responses over training (Fig. 10) . Thus, like the heart rate responses, neuronal activity diverges as a function of the training paradigm.
For further analysis of these data the light period was divided into phasic and tonic segments (see "Materials and Methods") and the mean discharge changes for each segment calculated (Fig. 11) . As seen in Figure 10 , there is little difference between the responses of the two groups early in training, but they clearly diverge over training.
A significant groups effect (F(1,17) = 9.80, p < 0.01) and groups X blocks interaction (F(3,48) = 33.0, p < 0.001) confirmed this. Moreover, the lightevoked decrease in discharge was more prominent in the phasic than in the tonic period (F( 1,61) = 12.6, p < 0.001). Comparison of these periods for the conditioning and sensitization groups indicated significant groups x blocks interactions for both the phasic (F(3,47) = 8.72, p < 0.001) and tonic (F(3,47) = 12.4, p < 0.001) components, again reflecting divergence of the groups. This divergence was of sufficient magnitude that there was a significant groups effect for both phasic (F(1,17) = 5.69, p < 0.05) and tonic (F(1,17) = 10.3, p < 0.01) response periods. A comparison of Figures 6 and 11 indicates the close parallel between these changes in the discharge of vagal cardiac neurons and the development of the heart rate CR. The significant group difference in the phasic period establishes that short-latency responses are affected by training. To estimate more precisely the latency of this differential change, the histograms for lo-trial blocks were subdivided into 40-msec epochs, and standardized scores relative to base lines were calculated for the first 200 msec. The standardized scores for the first two and the last two training blocks were then averaged (Fig. 12) . Early in training (Fig. 12A) , when there are no group differences in behavioral or neuronal responses to the light, the decrease in discharge first reaches significance 120 to 159 msec after light onset in both conditioning (z = -1.82, p < 0.05) and sensitization (z = -1.57, p < 0.05) groups. However, later in training when the groups differ with respect to behavioral and neuronal responses, the latency of the decreased discharge in the conditioning group now reaches significance by 80 to 119 msec (z = -1.40, p < 0.05), whereas in the sensitization group the latency has increased to 160 to 199 msec (z = -1.40, p < 0.05).
Since the CS-evoked responses of vagal cardiac neurons were studied after conditioning in one group of birds and during CR responses at asymptotic performance could be compared for the two groups. Such a comparison demonstrated that both the phasic and tonic responses of the two neuronal populations were equivalent after training. Also, the response latencies of the two populations did not differ.
Given this, the data from the pretrained birds were pooled with those from the final acquisition block of the longitudinal sample to gain further resolution in estimating the latency of the CSevoked response (Fig. 13) . For this pooled sample, the CSevoked change in activity first reached significance 80 to 99 msec after stimulus onset (z = -1.76, p < 0.05).
Discussion
Classes of vagal motoneurons
Three classes of neurons in the intermediate zone of the DMN were distinguished on the basis of axonal conduction velocities. These corresponded to waves previously described for the compound vagal action potential (Schwaber and Cohen, 1978a) and the antidromically evoked field potential in the DMN (Schwaber and Cohen, 1978b) . Whereas the Bl units are known to be cardiac neurons (Schwaber and Cohen, 1978b) , the peripheral targets of the A and B2 units have not been determined.
However, recent anatomical data suggest they would innervate the secretory stomach (proventriculus) or cauda1 abdominal organs (Katz, 1981) .
The Bl and B2 cells could not be distinguished on the basis of maintained activity, but both classes were discriminable from the A neurons which discharged at higher, more regular rates. Differences in the maintained activity of different classes of vagal neurons are well established. For example, Jewett (1964) distinguished seven classes in cervical vagal recordings, and different discharge patterns have been reported for the vagal innervations of the digestive tract (Iggo and Leek, 1976; Davison and Grundy, 1978) , respiratory tract (Eyzaguirre and Taylor, 1963; Widdicombe, 1966) , and thoracic viscera (McAllen and Spyer, 1978a) .
Responses to exteroceptive stimulation also discriminated among the three classes of vagal neurons. Visual stimulation markedly decreased the activity of the cardiac units, while not affecting the A and B2 units. This suggests differential inputs to the various classes of vagal neurons. Since visual stimulation also evokes cardioacceleration, the decreased activity of the vagal cardiac neurons confirms that release of vagal inhibition of the heart contributes to this tachycardia. Foot-shock also evoked differential responses, decreasing the discharge of the Bl units but not affecting the B2 cells. The activity of the A units also decreased, but not significantly so. Again, one would anticipate decreased activity of the cardiac neurons, since foot-shock evokes cardioacceleration. Similar results have been reported in studies that have assessed vagal responses to somatosensory stimuli. In cats, noxious cutaneous stimulation inhibits vagal cardiac discharge (Kaufman et al., 1977) , and electrical stimulation of somatic nerves in dogs decreases the activity of vagal cardiac units (Iriuchijima and Kumada, 1963) .
Finally, the Bl cells had a weak cardiac rhythm which was not evident in A and B2 units; none of the classes showed a respiratory rhythm. In contrast, in the chloralose-anesthetized cat, few vagal cardiac neurons have maintained activity, but many of those that are active have marked cardiac and respiratory rhythms (Kunze, 1972; McAllen and Spyer, 1976,1978a, b; Ciriello and Calaresu, 1980) . However, in this preparation there is little vagal tone and marked respiratory sinus arrhythmia, whereas in our preparation vagal tone is high and no respiratory sinus arrhythmia is evident. It is thus possible that chloralose accounts for the marked cardiac and respiratory rhythms reported for cats. Furthermore, it has been shown that chloralose sensitizes the baroreceptor reflex (Cox and Bagshaw, LIGHT PERIOD (msec) Vol. 4, No. 12, Dec. 1984 1979 . This may enhance the vagal cardiac rhythm which is influenced by baroreceptor input (McAllen and Spyer, 197813; Kunze, 1980) . In support of this hypothesis, vagal cardiac activity in decerebrate cats infrequently shows a cardiac rhythm and is uncorrelated with respiration (Schwartz et al., 1972) . Moreover, chloralose-anesthetized dogs have tonically active vagal cardiac neurons which show both cardiac and respiratory rhythms (Iriuchijima and Kumada, 1964; Kollai and Koizumi, 1981) .
In summary, the discharge properties of Bl neurons are consistent with their presumed cardioinhibitory function. Most are tonically active, and this would account for the high resting vagal tone in the pigeon (Cohen and Pitts, 1968) . Moreover, changes in maintained activity are generally associated with reciprocal changes in heart rate. During stimulus-evoked cardioacceleration or spontaneous tachycardic episodes, the vagal cardiac neurons show a decrease in activity. On the other hand, stimuli that do not have a chronotropic effect in this preparation, such as the activation of pulmonary receptors during inspiration, do not affect the activity of the vagal cardiac neurons.
Activity of vagal cardiac neurons associated with conditioned heart rate change
The primary objective of this study was to characterize the discharge of vagal cardiac neurons during classically conditioned change in heart rate. The behavioral data clearly indicated that the conditioning paradigm established associative learning, consistent with previous reports (Cohen and Goff, 1978; Gold and Cohen, 1981b) . With regard to neuronal activity, vagal cardiac discharge systematically changed over training, closely paralleling the change in heart rate. More specifically, the initial CS-evoked decrease in vagal activity became increasingly pronounced over conditioning, whereas it attenuated over unpaired light and shock presentations.
These findings confirm the previous suggestion based on behavioral data (Cohen and Pitts, 1968 ) that the vagal cardiac innervation contributes directly to the cardioacceleratory CR. Since the sympathetic outflow increases in response to the CS (Cabot, 1976; Cohen, 1982) , it is clear that the sympathetic and parasympathetic innervations act synergistically to produce the CR, analogous to their behavior in response to many chronotropic stimulus situations (Schwartz et al., 1972; Kollai and Koizumi, 1981) .
The finding that the vagal cardiac neurons respond to the visual stimulus prior to training indicates a pre-existing, CSresponsive pathway from the eye to the heart. It is noteworthy that the excitability of the motoneurons involved in the conditioned nictitating membrane response of the rabbit is also affected by the CS prior to training (Young et al., 1976; Berthier and Moore, 1983 ). Indeed, it is possible that in vertebrate systems initial CS responsiveness of the pathways mediating conditioning (including the motoneurons) may be a frequent, if not general, finding. Such responsiveness of the vagal cardiac neurons suggests that the parasympathetic cardiac innervation contributes to the cardioacceleratory orienting response of the pigeon (Cohen and Macdonald, 1971) . With unpaired lights and shocks the orienting response habituates, and this is reflected in the attenuation of the light-evoked response of vagal cardiac neurons. In contrast, associative training enhances the neuronal response, suggesting that the training-induced modification involves modulation at one or more sites along an existing pathway.
Analogous to the CS-evoked response of the cardiac sympathetics (Cabot, 1976; Cohen, 1982) , the vagal response consists of phasic and tonic components.
The phasic decrease in discharge has a latency of approximately 120 msec which shortens to approximately 80 msec as conditioning progresses. Thus, the vagal innervation mediates the shortest latency component of the CR, as had been concluded earlier from behavioral findings (Cohen and Pitts, 1968) . At asymptotic response levels the phasic component is maximal at 120 to 140 msec, at which point it begins returning toward the base line. However, discharge remains below base line levels throughout the remainder of the CS period; this is designated the tonic component of the vagal response and is consistent with the long-duration heart rate change in animals with P-blockade. The phasic response is greater than the tonic at all phases of training, although both augment systematically over acquisition of the CR. In the nonassociative condition, both the phasic and tonic components attenuate systematically, the tonic component more prominently.
The latency of the phasic component is sufficiently short that it occurs before any cardiovascular response. Therefore, feedback from the periphery cannot contribute to this component of the response. The temporal properties of the tonic component do not exclude this possibility. Since peripheral feedback during cardioacceleration would be expected to excite vagal cardiac neurons, it might reduce the magnitude of the tonic component.
On the other hand, rate-limiting reflexes could well be uncoupled by the CS-evoked input, as has been demonstrated for some cardiovascular responses (Humphreys et al., 1971) .
In summary, the present findings demonstrate a number of important points with respect to the organization of the neuronal circuitry in this conditioning model. (a) A vagal contribution to the CR is confirmed, and this acts synergistically with the sympathetic contribution. (e) The latency of the vagal response is surprisingly short, suggesting that the system may be more amenable to analysis than might have been anticipated. 
